Abstract. Thymosin β4 (Tβ4) is expressed in developing tissue, where it stimulates cell differentiation and migration. Further, Tβ4 is expressed during molar development in mice, but the expression and function of Tβ4 in odontoblasts during mammalian tooth development have not yet been reported. Therefore, this study examined the expression and function of Tβ4 in differentiating odontoblasts during tooth development. As observed by immunohistochemistry, Tβ4 was expressed in the oral epithelium and inside cells of the tooth bud on embryonic day 15 (E15). Further, on E17, Tβ4 was expressed strongly in the dental lamina and oral epithelium, but only expressed in part of the cells in the outer and inner dental epithelium. Tβ4 was strongly expressed in the entire cytoplasm of odontoblasts on postnatal day 1 (PN1) and expressed intensively in the apical area of odontoblasts on PN4. Further, expression of Tβ4 was increased gradually in odontoblasts from PN1 to PN21. In an odontoblast cell line, MDPC-23, expression of Tβ4 mRNA and protein was increased strongly on day 4 and gradually decreased from day 14. The gene expression of dentin sialophosphoprotein (DSPP), bone sialoprotein (BSP), osteocalcin (OCN), osteonectin (ON), and collagen type I, related with mineralization, was significantly decreased in si-Tβ4/MDPC-23 during differentiation compared to that in MDPC-23 cells. Taken together, our results suggest that Tβ4 may be involved in oral epithelial cell proliferation at the initial stage of tooth development and regulates the expression and secretion of proteins during odontoblast differentiation.
Introduction
Tooth development is divided into three sequential stages, the bud, cap, and bell stages. Among these stages, formation of dentin is initiated at the late bell stage by odontoblasts located in the periphery of the pulp (1) . Odontoblasts are differentiated from dental papilla cells, and the formation and mineralization of dentin involves the secretion of organic matrix, including collagenous and noncollagenous proteins, to the adjacent inner dental epithelium (2) . The dentin matrix constitutes proteins involved in the regulation of mineralization, such as dentin sialoprotein (DSP), dentin phosphoprotein (DPP), and bone sialoprotein (BSP) (3) . Mineralization of dentin by odontoblasts proceeds through the secretion of membrane-bound vesicles containing collagenous and noncollagenous proteins (4) . In the secretory phase, odontoblasts are elongated in length, showing polarity, and display a well-developed rough endoplasmic reticulum, and vesicles are secreted after transport toward the odontoblastic process near the dentinal tubule (5) .
Thymosin β4 (Tβ4) is known to be a 4.9 kDa actin-sequestering peptide that regulates cell differentiation and migration (6, 7) . Treatment with Tβ4 accelerates wound-healing in mouse skin and inhibits apoptosis by inducing an increase in Bcl-2 expression and reducing caspase activity (8, 9) . Tβ4 promotes the migration and differentiation of hair follicle stem cells, stimulates endothelial cell differentiation during vessel formation. Furthermore, Tβ4 has been shown to be expressed in differentiating cardiac cells, the developing brain, and the mandible of mice (10) (11) (12) (13) (14) .
Further, it was reported that Tβ4 is overexpressed in highly metastatic melanoma cells (15) . It has also been reported that expression of Tβ4 may be able to stimulate the differentiation of tooth germ during mouse molar development (16) . However, the direct expression and function of Tβ4 in odontoblast differentiation was not demonstrated. Based on a previous report, Tβ4 may be a regulating factor in dentin formation and mineralization by odontoblasts, but its expression and function have not yet been reported. Therefore, the purpose of this study was to investigate the expression and function of Tβ4 in dentinogenesis in odontoblasts during tooth development.
Materials and methods

Preparation of tissues and immunohistochemistry.
Embryos of ICR outbred mice were used in this study. All animal studies were approved by the 'Institutional Animal Care and Use Committees' at Chosun University, and animal care was carried out using stress pathogen-free (SPF) level systems according to the 'Guide for the Care and Use of Laboratory Animals'. Embryonic (E15, E17) and postnatal (PN1, PN4, PN7, PN10, PN14, PN21) mouse heads were fixed in 4% paraformaldehyde, decalcified in 10% ethylenediaminetetraacetic acid (EDTA, pH 7.4) solution at 4˚C for 4 weeks, embedded in paraffin, and cut into identical mesiodistal sections. Tissue sections were pre-incubated with 0.6% H 2 O 2 in methanol for 20 min at room temperature. The sections were then incubated with normal goat serum (Vector Laboratories, USA) and incubated for 16 h with a 1:300 dilution of anti-rabbit Tβ4 (Immunodiagnostik, Germany) antibody at 4˚C. After color development, the sections were counterstained with hematoxylin. Rabbit pre-immune serum was used as a negative control. The pixel value represents the expression intensity of Tβ4 protein in odontoblasts and the odontoblast layer. The pixel value was quantified and calculated by AxioVision LE release 4.6 software (Carl Zeiss, Germany).
Tβ4-siRNA transfection and cell differentiation. The odontoblast-like cell line, MDPC-23, was plated in 60-mm culture dishes (1x10 5 cells) and incubated in a CO 2 incubator (5% CO 2 , 37˚C) (17) . The cells were then cultured in Dulbecco's modified eagle's medium (DMEM) (Gibco-BRL, USA) supplemented with 1% antibiotic-antimycotic solution (Gibco-BRL) containing 10% fetal bovine serum (Gibco-BRL). The differentiation of MDPC-23 cells was performed after reaching 90% confluence for 28 days using complete medium supplemented with 10 mM β-glycerophosphate (Sigma, USA) and 50 µg/ml of ascorbate (Sigma). The following sequences were used for the synthetic mouse Tβ4-siRNA duplexes. The forward and reverse sequences of Tβ4-siRNA were 5'-CAC AUC AAA GAA UCA GAA C-3' and 5'-GUU CUG AUU CUU UGA UGU G-3' (Bioneer, Korea), respectively. The MDPC-23 cells were plated in 60-mm culture dishes and transfected with 140 pmol of Tβ4-siRNA (si-Tβ4/MDPC-23) using WellFect-si™ (WellGene, Korea).
Alizarin red S staining. Cells were plated in 6-well plates in complete medium. After differentiation, to demonstrate calcified nodules, the cells were washed twice with PBS, fixed with 50% ethanol for 10 min, rehydrated with 1 ml of distilled water for 5 min, then stained with 200 µl of 1% Alizarin red S (Sigma) for 3 min at room temperature. After staining, the cells were washed three times with distilled water, followed by 70% ethanol. To quantify matrix mineralization, the Alizarin red S-stained cultures were incubated with 100 mmol of cetylpyridinium chloride (Acros Organics, USA) for 1 h to solubilize and release calcium-bound Alizarin red into the solution. The absorbance of the released Aalizarin red S was measured at 570 nm using a microplate reader (BioTek Instruments, USA).
Western blotting. Total cytosolic protein was extracted using NP-40 lysis buffer (150 mM NaCl, 1% NP-40, 50 mM Tris-Cl (pH 7.4), 2 mM Na 3 VO 4 , 2 mM Na 4 P 2 O 7 , 50 mM NaF, 2 mM EDTA (pH 7.4), 0.1 µg/ml of leupeptin, and 1 µg/ml of aprotinin). These lysates were incubated on ice for 30 min and centrifuged at 13,000 rpm and 4˚C. After protein extraction, the concentration in 30 µg was determined using a DC protein assay kit (Bio-Rad Laboratories), followed by electrophoresis on a 15% SDS polyacrylamide gel. After electrophoresis, the protein was transferred to a nitrocellulose membrane and blocked with 5% non-fat dry milk for 1 h at room temperature. The membrane was then blotted with a 1:6,000 dilution of anti-rabbit Tβ4 or a 1:2,500 dilution of anti-mouse β-actin antibody (Sigma) for 16 h at 4˚C. β-actin was used as an internal control for western blotting. After washing, the membrane was blotted with a 1:5,000-1:10,000 dilution of HRP-conjugated goat anti-rabbit or mouse-IgG (SantaCruz Biotechnology, USA) and developed using chemiluminescence film (AmershamPharmacia, UK) after being treated with ECL solution (AmershamPharmacia). The sizes of the Tβ4 and β-actin bands were 5 kDa, and 42 kDa, respectively. The densities of the expressed bands were measured using a Science Lab Image Gauge (Fuji Film, Japan).
Reverse transcription polymerase chain reaction. Total RNA was extracted from the cells using TRI reagent (MRC Inc, USA), and PCR reaction was carried out according to the manufacturer's instructions. The following primers were synthesized (Bioneer) for RT-PCR analysis: Tβ4 forward 5'-GTC AGT AAG CTT CTC CTT CCA GCA ACC ATG TC-3' and reverse 5'-GTC AGT CTC GAG AAT GTA CAG TGC ATA TTG GC-3'; dentin sialophosphoprotein (DSPP) forward 5'-CGA CCC TTG TCC AGG A-3' and reverse 5'-CAT GGA CTC GTC ATC GAA-3'; BSP forward 5'-ACC GGC CAC GCT ACT TTC TTT AT-3' and reverse 5'-TCC TCG TCG CTT TCC TTC ACT TT-3'; osteocalcin (OCN) forward 5'-TGA GGA CCC TCT CTC TGC TC-3' and reverse 5'-GAG CTC ACA CAC CTC CCT GT-3'; osteonectin (ON) forward 5'-ATT TGA GGA CGG TGC AGA GG-3' and reverse 5'-TCT CGT CCA GCT CAC ACA CCT-3'; collagen type I (Col type I) forward 5'-ATT CGG AGC TCA AGA TGT AA-3' and reverse 5'-CAG TCA AGT CCT AGC CAA AC-3'; glyceraldehyde 3-phosphate dehydrogenase (GAPDH) forward 5'-CCA TGG AGA AGG CTG GG-3' and reverse 5'-CAA AGT TGT CAT GGA TGA CC-3'. GAPDH was used as the internal control for RT-PCR. The annealing temperature for each primer and number of cycles were as follows: for Tβ4 54˚C (28 cycles); for DSPP 56˚C (35 cycles); for BSP 60˚C (27 cycles); for OCN 66˚C (27 cycles); for ON 63˚C (30 cycles); for Col type I 49˚C (35 cycles); for GAPDH 56˚C (30 cycles). The products were electrophoresed on 1.5% agarose gel buffered with 0.5X Tris-borate-EDTA and stained with ethidium bromide after amplification. The staining bands were visualized by Gel-Doc (Bio-Rad Laboratories). These primer sets recognized only the genes of interest, as indicated by the amplification of single bands of expected sizes (184 bp for Tβ4; 824 bp for DSPP; 358 bp for BSP; 221 bp for OCN; 101 bp for ON; 191 bp for Col type I; and 199 bp for GAPDH) according to the nucleotide sequences of Tβ4 (GenBank #X16053), DSPP (GenBank #NM_010080), BSP (GenBank #L20232), OCN (GenBank #X04142), ON (GenBank #NM_009242), Col type I (GenBank #M60424), and GAPDH (GenBank #M33197). The intensities of the bands were measured using a Science Lab Image Gauge (Fuji Film).
Statistical analysis.
All experiments were performed at least in triplicate. All data were reported as the mean and standard deviation using Excel 2007 statistical software (Microsoft, USA). Significant differences (p<0.05, p<0.005) were determined using the Student's t-test.
Results
Expression of Tβ4 protein in odontoblasts during tooth development in mice
Bud stage. On embryonic day 15 (E15), a tooth bud was formed by intense proliferation of oral epithelial cells and was surrounded by mesenchymal cells. Tβ4 was expressed in the oral epithelium, inside the cells of the tooth bud, and more intensely expressed in mesenchymal cells, but it was not expressed in dental papilla (Fig. 1A) .
Cap stage. On E17, the dental organ was formed by invagination of the tooth bud into mesenchymal cells that had formed the dental papilla by condensation. Tβ4 was expressed strongly in the dental lamina, oral epithelium, and in a part of the cells in the outer and inner dental epithelia (Fig. 1B) .
Early bell stage. On postnatal day 1 (PN1), the bell stage displayed a larger dental organ and dental papilla (pulp) compared to those of the cap stage. Tβ4 was expressed strongly in the cytoplasm of odontoblasts located on the outer layer of the pulp (Fig. 1C) .
Advanced bell stage. The formation of dentin and enamel was observed in developing teeth on PN4. Tβ4 was expressed in odontoblasts in a similar pattern as that on PN1, but expression was more intense in the apical area compared to PN1. Further, expression of Tβ4 was not detected in the negative control tissue (inset) (Fig. 1D) .
Crown stage and functional stage. During the crown stage, the thickness of dentin increased, and Tβ4 expression increased in the odontoblast process and cytoplasm on PN7, PN10, and PN14 compared to PN4 (Fig. 1E-G) . During the PN21 functional stage, Tβ4 was expressed in a similar pattern in the odontoblast process and cytoplasm as that in the crown stage (Fig. 1H) .
Intensity of Tβ4 expression in odontoblasts during tooth development. The expression intensity of Tβ4 protein was similar on PN1 and PN4. Moreover, it was 1.4-fold higher on PN7 and PN10 and 1.6-fold higher on PN14, compared to PN1 in odontoblast layers during tooth development. Further, the expression intensity of Tβ4 protein on PN21 was similar to that on PN14. Expression intensity of Tβ4 protein was significantly high on PN7 compared to that on PN1 (p<0.05), and this aspect of PN7 was maintained up to PN21 (Fig. 1I) .
Alizarin red S staining during MDPC-23 and si-Tβ4/ MDPC-23 cell differentiation.
The expression of Tβ4 in MDPC-23 cells was 23.4-fold higher on day 4 than that of the control, and it was decreased after day 7 during differentiation ( Fig. 2A) . The degree of mineralization was compared between MDPC-23 and si-Tβ4/MDPC-23 cells after Alizarin red S staining. The intensity of staining gradually increased from day 4 to day 14 and decreased after day 21 during differentiation of MDPC-23 cells. However, the intensity of staining was significantly decreased in si-Tβ4/MDPC-23 cells compared to that in MDPC-23 cells during differentiation (Fig. 2B) . Further, the absorbance of Alizarin red S staining was not significantly different between MDPC-23 and si-Tβ4/ MDPC-23 cells on day 4, but it was 1.7-fold lower on day 7 (Fig. 2C) .
The mRNA expression of genes related to differentiation and mineralization in MDPC-23 and si-Tβ4/MDPC-23 cells.
After differentiation, Tβ4 mRNA expression was 4.3-fold higher on day 4 compared to that of control and gradually decreased from day 7 to day 28. DSPP mRNA expression was 14-fold higher on day 14 than that of the control and gradually increased until day 28. Expression of BSP and ON mRNA was 11.6-fold and 50-fold higher, respectively, on day 7 compared to that of the control; however, it decreased from day 14 until no expression was observed from days 21 to 28. OCN mRNA expression was 18.7-fold higher on day 7 than the control and gradually decreased from day 14 to day 28. Col type I mRNA expression was 2.2-fold higher on day 14 than that of the control and gradually decreased after day 14 ( Fig. 3A and C) . Tβ4 and OCN mRNAs were barely expressed in si-Tβ4/MDPC-23 cells. DSPP, BSP, ON, and Col type I mRNAs were not expressed in si-Tβ4/MDPC-23 cells in contrast to MDPC-23 cells during differentiation (Fig. 3B and C) .
Discussion
Tooth development is initiated by the formation of tooth bud protruding toward the mesenchyme through the proliferation of oral epithelial cells represented by the bud stage. In the cap stage, the tooth bud is transformed into the enamel organ through the continuous proliferation of oral epithelial cells, and dental papilla is formed by the increased density of surrounding mesenchymal cells (18) . Tβ4 mRNA and BrdU are strongly expressed in the same cells of the oral epithelium and tooth bud on E10.5 during the initial stage and on E13 and E14 during the bud stage (16, 19) . Treatment of Tβ4 increases the proliferation of embryonic endothelial cells in mouse and oligodendrocytes in encephalomyelitis compared to a control group (20, 21) . In this study, Tβ4 protein was strongly expressed in the oral epithelium and tooth bud during the bud stage. Further, Tβ4 was strongly expressed in the dental lamina and oral epithelial cells during the cap stage. Therefore, Tβ4 may be involved in the proliferation of oral epithelial cells in the bud and cap stages in accordance with previous results. 
A B C
Odontoblasts are differentiated from dental papilla cells, which are formed by aggregation of mesenchymal cells during tooth development (22) . The differentiation of odontoblasts is most active at the early bell stage, and odontoblasts initiate the formation of the dentin matrix at the advanced bell stage (23) . Expression of Tβ4 has been identified in various mammalian cells. Overexpression of Tβ4 leads to rapid vessel formation, whereas inhibition of Tβ4 expression decreases vessel formation in human umbilical vein endothelial cells (HUVECs) (24) . Further, other studies have reported that treatment with Tβ4 promotes the terminal differentiation of keratinocytes due to the reduction of keratin 15 (K15) expression, which is known as the marker gene of undifferentiated hair follicle stem cells (10) . In this study, expression of Tβ4 mRNA and protein was strongly increased on day 4 and decreased from day 14 to day 28 during differentiation of MDPC-23 cells. Further, the mRNA expression of marker genes for odontoblasts, such as BSP, OCN, and ON, was increased similarly to the pattern of Tβ4 mRNA expression on day 4 of differentiation. Further, the expression of Tβ4 protein, gradually increased from PN1 of the early bell stage to PN21 of the functional stage during tooth development. Therefore, Tβ4 The life span of odontoblasts is divided into the secretory, transitional, and aged phases according to their activity. Secretory odontoblasts are longer and larger in length and diameter compared to preodontoblasts, and they are characterized by the active synthesis of proteins due to distinct and well-developed rough endoplasmic reticulum, Golgi complex, secretory vesicles, and mitochondria. Reorganization of the cytoplasm occurs in transitional odontoblasts, and organelles including secretory vesicles are not observed in aged odontoblasts (25) . The advanced bell stage is the initial stage of dentinogenesis, and secretory and aged odontoblasts are located in the cusp and cervical region during premolar development, respectively (2, 26) .
Bone morphogenic protein-2 (BMP-2), BMP-4, BMP-7, and transforming growth factor-β1 (TGF-β1) stimulate mineralization according to morphological changes and differentiation of odontoblasts (27, 28) . Treatment with TGF-β1 and fibroblast growth factor-1 (FGF-1) or BMP-2 induces the differentiation of odontoblasts from dental papilla cells as well as synthesis of the dentin matrix (29, 27) . The mRNA expression of TGF-β1 and noncollagenous proteins such as ON and BSP is increased in secretory odontoblasts in the advanced bell stage during mouse tooth development (26) . Further, expression of other noncollagenous proteins such as DPP, DSP, and DMP-1 is induced in odontoblast-like cells stimulated with differentiation medium (30) . In this study, Tβ4 protein was expressed in the cytoplasm of odontoblasts located in the cusp on PN1 and PN4 during the bell stage. Expression of Tβ4 in odontoblasts is localized to the cusp region, and the thickness of dentin was increased on PN7, PN10, and PN14 of the crown stage compared to the bell stage. On PN21 during the functional stage, the expression level of Tβ4 protein was similar to that during the crown stage in odontoblasts near the cusp.
Secretory vesicles, including proteins necessary for the formation of dentin, are released into the extracellular space after being transported from the Golgi complex to the odontoblasts processes by kinesin and ATP, which act as the motor protein and energy source, respectively (31) . Treatment with Tβ4 increases the release and influx of Ca 2+ in human myeloid leukemic cells along with extocytosis of β-Hex, histamine, and tryptase from mast cells in a dose-dependent manner (32, 33) . Further, Tβ4 increases the exocytosis of cytolytic granules from natural killer cells (34) . BMP-2 induces the expression of DSPP in odontoblasts during tooth development as well as the expression of heme oxygenase-1 (HO-1), a factor related to pulp cell differentiation, the expression of alkaline phosphatase (ALP), osteopontin (OPN), BSP, DMP-1, and DSPP mRNA (35, 36) . Overexpression of Bcl-2 also decreases the expression of DMP-1, OC, DSPP, and Col type I mRNA (37) . In the present study, the intensity of Alizarin red S staining and the expression levels of DSPP, BSP, ON, OCN, and Col type I were significantly decreased in si-Tβ4/MDPC-23 cells compared to MDPC-23 cells. Therefore, Tβ4 may regulate the expression of genes related to mineralization during odontoblast differentiation during tooth development, similar to the effects of BMP-2, HO-1, and Bcl-2 reported in previous studies.
Taken together, our results suggest that Tβ4 may be involved in the proliferation of oral epithelial cells at the initial stage of tooth development and may regulate the expression and secretion of proteins during odontoblast differentiation.
